Abstract-A Generic Cooperative MIMO DICM system is described. Achievable rates are computed based on the extended equivalent binary input channel model of the original DICM system. Full decode and forward is assumed at the relay node. Two types of two-phased transmission/reception protocols are employed to establish orthogonal transmission/reception of the relay node. The achievable rate results are provided for different combinations of modulation orders and the number of antennas used at the source and relay nodes. Quantitative results provided in this paper could serve as a guide on when to engage cooperative transmission and how to choose proper constellations and puncturing ratios for the practical DICM coded systems.
I. INTRODUCTION

I
N cooperative relay channel a number of relay nodes participate in a communication between a source and destination node. The main objective of this involvement is improvement of the overall communication performance in terms of bit or packet error rate, and throughput. One of the basic strategies in a cooperative communication is "decode and forward" (DF) [1] - [4] . DF scheme allows for change of modulation order and coding rate at relay and thus system parameters can be better optimised to effectively exploit the relay to destination link condition. When this link is highly reliable relay can increase its modulation order and forward its signal in much shorter time. Consequently the overall spectrum efficiency of the system will be boosted. Bit interleaved coded modulation (BICM) [5] - [6] is a coding technique that effectively exploits Hamming distance structure of the binary codes when used in conjunction with a higher order modulation over fading channels. In this regard BICM will be a potential candidate when higher order modulations are employed in a cooperative transmission over fading channels. Calculation of the achievable rates for a cooperative communication technique with respect to different conditions of its constituent point-to-point links in conjunction with the employed system parameters such as modulation order and 978-1-4244-2644-7/08/$25.00 ©2008 IEEE multi antenna configuration will be of practical importance. In this regard here we provide an equivalent BICM channel model and calculate achievable rates of the system for decode and forward scheme. The proposed model is quite generic and covers multiple antenna transmission. It can also be easily extended to multiple relay scenario and multiple hops. However due to the limitation of the space only single-relay and single-hop transmission results are provided and discussed in this paper.
II. SYSTEM MODEL
Let assume a simple cooperative communication system composed of three nodes: source node S, relay node R, and destination node D. We assume that nodes' transmissionreception is based on the following two-phased protocols:
• Protocol I: In the first phase of this protocol S broadcasts its signal to Rand D, and in the second phase only R transmits to D. • Protocol II: Broadcast of S's signal to Rand D in the first phase is followed by joint Sand R transmission towards D in the second phase Hereafter we discuss and describe the system based only on the second protocol as this protocol is generic enough and subsumes the fIrst protocol as a special case. The results and derivations for the fIrst protocol can be easily derived by simplifying the results of the second protocol. Let the source transmission in the fIrst phase is enumerated by 1 and the source and relay transmissions in the second phase are enumerated by (2,0) and (2,1), respectively. Also the channels corresponding to the fIrst phase S-R, S-D and the second phase SR-D transmissions are enumerated with 0, 1, and 2, respectively. The building blocks of a cooperative BICM system using protocol II will be as follows: 1) Encoders ENC1, ENC20, and ENC21: ENC1 is used at S in the first phase transmission and ENC20 and ENC21 are used for the second phase at S and R, respectively. These encoders use binary codes C 2) Bit interleavers used after each binary encoder. As already evidenced earlier by [5] , and then extended and elaborated by [6] the ideal interleaving assumption allows modelling a BICM system as a binary code transmitting its code sequence through parallel binary input channels where each channel corresponds to the label position of the transmitted bit. Such a model can also be presented for the considered cooperative BICM system. Figure 1 shows an equivalent model for the cooperative BICM system with ideal interleaving. The S-R link equivalent model in this figure encapsulates the conventional point-to-point equivalent model presented in [6] , plus ENCI and DECI functions. The model presented in this figure is for the calculation of the system achievable rate and is based on the following assumptions:
• Full decode and forward: the relay will attempt to decode the whole message sent by the relay and there is no layered structure to partially decode the source message.
•
The capacity of the S-R is greater than the data rate of S and therefore R is able to correctly decode the source message. This will allow !!2,1 =!! .
The presented model consists of three parallel, independent and memoryless binary input channels corresponding to S-D first phase, and decoupled transmissions of the Sand R in the second phase. Each of these channels has an extra attributed state related to the label position of the employed constellation. The label position states are independent and identically distributed (iid) random processes with probability mass functions p (i 1 ), PI (i 2 ), and P2 (~), respectively. The conditional pdf of the correponding binary input channel when label position i is selected is:
and i=I,2,...,mj. ; respectively. C 4 , and C~are the complex L 1 , and~-dimentional Euclidean spaces. 4) Node-to-node stationary finite-memory vector channels with transition probability density functions (pdf) and !.,2
where for each element the first subscript j=O,1,2 represents the link number. Both receivers at R and D are assumed to have perfect channel knowledge on their corresponding connected channels. No channel knowledge is assumed to be available at the transmitters.
1 Usually in practice the source will use the same modulator for its first and second phase transmissions, in this case MODI and MOD20 will be identical. , respectively. These mutual information terms can be calculated for the equivalent BICM binary-input channels as follows [6] : (2) Following the same line of achievability proof presented in [I] , following rate will be achievable:
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a/ =N1/ (N 1 +N 2 ) is the proportion of the first phase in the whole N=N1+N z channel uses. The term I(S,R;D) represents ideal transmit cooperation of R with S in the second phase of the transmission that occupies 1-a/ of the whole transmission.
The whole achievable rate of cooperative transmission given that R is able to correctly decode the source message will be the summation of the rates established by the direct transmission in the first phase and the cooperative transmission Figure 4 compares achievable rates for protocols I and II versus direct link SNR and the SNR offsets of the two other links as parameters. QPSK-QPSK source-relay constellation and antenna configuration of (MsxMRxM D )= Ixlx2 is used. The difference between the two protocols is more considerable at low SNR region and diminishes as SNR increases. In fact at very large SNR the maximization with respect to duplexing ratio of a/ will lead to direct noncooperative transmission that is able to achieve the maximum bits/use. Benefit of cooperative schemes is to provide better rates at low SNRs hence extending the coverage of the system towards distant nodes. Figure 2 shows the cooperative BICM system achievable rates under protocol II, for different constellations, antenna configurations, and links' SNR combinations. As it is observed, increasing the SNR of the relay links mainly shifts the lower half of the curves towards left and therefore considerably extends the system range. The impact can also be seen as an improvement in capacity as ----j ----t ----- 
3) Different antenna configurations and constellations:
--q--(e)~sr=15~rd=30 Figure 2 Achievable rates of the cooperative MIMO BICM system over MIMO Rayleigh fast fading channels using protocol II for different constellation combinations, antenna configurations, and different values of relay links SNR offsets. In this paper an analytical model is presented to calculate achievable rates of the cooperative MIMO BICM system. Full decode and forward strategy along with two typical and efficient transmission/reception protocols are assumed. The analysis and provided results suggest careful selection of the modulation orders at the source and relay nodes as well as tuning the duplexing ratio in order to effectively exploit the constituent links condition and multi antenna capability of the nodes. This in turn implies the need for proper adjustment of the coding rate through for example puncturing at the two phases of the transmissions in order to obtain the required optimum duplexing ratio. Further work could be on analysing the achievable rates when the source node is using different modulation orders at the first and second phases of the transmission. The provided analysis in this paper is indeed valid and supports such a scenario. Calculation of achievable rates for layered schemes that do not impose full decode and forward constraint is also another future research item.
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This work was performed in the framework of the 1ST FIREWORKS project, which is funded by the European Commission. and (~snL1rd)=(15,30) is negligible. As suggested by this figure, in order to benefit from large SNR values of relay links it is better to increase the constellation size of the relay node. For example let us consider the cases (a) and (d) in Figure 2 , for direct link SNR of -10 dB and SNR offset configuration of (~sn~rd)=(15,20) changing the relay node's constellation from QPSK to 64QAM awards 0.3 bits/use gain. Similar observation holds for larger number of antennas. Figure 5 illustrates how the optimum duplexing ratio a/ changes for different SNR configurations of the links. In this figure the optimum a/ is drawn versus direct link SNR ' Yt with the other links SNR offsets as parameters. Protocol II with the same settings of previous case is assumed. SNR configuration of (L1 s,.,L1rd)=(0,-5) results in poor relay links, therefore direct transmission is preferred for all direct link SNR values. For the rest of the cases, direct transmission is still preferred when /' 1 is large enough. As /' 1 decreases, the direct transmission fails to provide the maximum rate and a/ starts dropping, after a while when~becomes very small the benefit from cooperative schemes starts vanishing and a/ value returns to 1 again. Also for large SNR offsets, L1 sr and L1 rd relay node gets better links with S
4) Adjusted duplexing ratio:
